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Abstract 
Lake Prespa (Macedonia/Albania/Greece) occupies an important location between Mediterranean 
and central European climate zones. Although previous multi-proxy research on the Late Glacial to 
Holocene sequence, core Co1215 (320cm; ca. 17 cal ka BP to present), has demonstrated its great 
value as an archive of Quaternary palaeoclimate data, some uncertainty remains in the interpretation 
of climate change. With the exception of oxygen stable isotope data, previous palaeolimnological 
interpretation has relied largely on proxies for productivity. Here, existing interpretation is 
strengthened by the addition of diatom data. Results demonstrate that shifts in diatom assemblages 
composition are driven primarily by lake-level changes and thus permit more confident 
interpretation of shifts in moisture availability over time, while corroborating previous 
interpretation of catchment- and climate-induced productivity shifts. An inferred cold, arid shallow 
lake phase between ca. 17.1–15.7 cal ka BP is followed by a high-productivity phase from ca. 15.7 
cal ka BP with Late Glacial warming, but also the first evidence for a gradual increase in lake level, 
in line with other regional records. Clear evidence for a Younger Dryas climate reversal between ca. 
13.1–12.3 cal ka BP is followed by an unusually gradual transition to the Holocene and deeper, 
oligotrophic-mesotrophic lake conditions are reached by ca. 11.0 cal ka BP. In contrast to the arid 
episode from ca. 10.0–8.0 ka inferred from positive 18δOcalcite values, rapid diatom-inferred lake-
level increase after the start of the Holocene suggests high moisture availability, in line with 
palynological evidence, but with only very subtle evidence for the impact of an 8.2 ka cold event. 
The maintenance of high lake levels until 1.9 cal ka BP, and the peak of inferred humidity from ca. 
7.9–6.0 cal ka BP, matches the oxygen stable isotope profile and confirms that the latter is driven 
primarily by evaporative concentration rather than reflecting regional shifts in precipitation sources 
over time. During the Late Holocene progressive eutrophication is inferred between 1.9 – present. 
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Two shallow phases at ca. 1.0 cal ka BP and at ca. 100 years ago probably represent an aridity 
response which is added to increased human impact in the catchment. Overall, the study is 
important in confirming previous tentative inferences that Late Glacial to Holocene moisture 
availability has strong affinity with other sites in the Eastern Mediterranean. It also tracks the 
pattern of North Atlantic forcing.  
Key words: Lake Prespa; diatoms; lake level; productivity; Mediterranean; palaeoclimate. 
1. Introduction 
The Mediterranean is a region of high climatic spatial variability. Although Late Quaternary 
palaeoclimate data have improved substantially over the last decade (e.g. González-Sampériz et al. 
2006, Kotthoff et al. 2011, Fletcher & Zielhofer 2013), we still require improved understanding of 
spatial variability in climate over time in order to understand the underlying climatic mechanisms 
(Tzedakis 2007). A prime example is the ongoing debate concerning the spatial distribution of 
moisture availability during the Holocene (Magny et al. 2012).  
Balkan Lake Prespa is an ancient tectonic lake which probably formed > 2 Ma ago and is 
hydrologically connected through the mountain range Galicica with Lake Ohrid (Stankovic, 1960). 
Both lakes are renowned for their extraordinary biodiversity and high endemism (Albrecht & Wilke 
2008). They are also located at an important junction between Mediterranean and continental 
European climate zones (Hollis & Stevenson 1997, Wagner et al. 2008). While Lake Ohrid is deep 
and oligotrophic, significant water level oscillations occur naturally in Lake Prespa (Sibinovic 
1987), offering contrasting potential for palaeolimnological climate reconstruction.  
 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
4 
 
 Previous multi-proxy research on the Late Glacial to Holocene sequence of core Co1215 (320cm; 
ca. 17 cal ka BP to present) has focused largely on productivity indicators, linked to palynological 
evidence for catchment changes (Aufgebauer et al. 2012; Panagiotopoulos et al. 2013), with 
palaeohydrological data confined to oxygen stable isotope analysis (Leng et al. 2010, 2013). 
Although these studies demonstrate the great value of Lake Prespa as an archive of Quaternary 
palaeoclimate data, the interpretation of climate change is still uncertain. Diatoms (single-celled 
algae; Bacillariophyceae) are abundant, diverse and sensitive to a wide range of limnological 
variables, and can provide strong proxy evidence both for productivity and lake-level changes. 
Here, existing interpretation of Late Glacial to Holocene climate change in Lake Prespa is 
strengthened by the addition of diatom data, to address a key area of uncertainty in Mediterranean 
palaeoclimate reconstruction.  
2. The study area 
Lake Prespa (40° 46’–41° 00’ N, 20° 54’–21° 07’ E, or Macro Prespa, Fig. 1) is located in the 
Western–Macedonian geotectonic zone of the Dinarides at an altitude of 849 m a.s.l. The 
transboundary catchment (Macedonia, Albania and Greece) also contains the smaller lake, Micri 
Prespa. The two were formerly joined as a single lake basin; in 1969/1970, an artificial dam was 
constructed between the lakes to manage the water level of Lake Micro Prespa (Hollis & Stevenson, 
1997). Both lakes are part of a former lake complex called the Dessarets (Stankovic, 1960), which 
includes Lake Ohrid and Lake Maliq (Korca basin). According to Radoman (1985) these tectonic 
basins are Tethys derivates formed during Alpine orogeny in the Late Tertiary. Cvijic (1911) 
suggested that the Dessarets have belonged to an Adriatic group of lakes which is isolated from the 
Aegean limnetic group. However, Bourcart (1922) suggested that there may have been some 
hydrological connection through the Korca depression and the Transaegean valley.  
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Lake Prespa currently has a surface area of 254 km
2
, mean water depth of ca. 14 m, maximum 
water depth of ca. 48 m and a total volume of 3.6 km
3
. The estimated hydraulic residence time is 
ca.11 years. The water balance is controlled by the input/output ratio. The water input depends on 
surface input from river inflow, catchment runoff, direct precipitation, Lake Micro Prespa inflow 
and groundwater input (no data available for the latter). The output is via surface evaporation, water 
abstraction for irrigation and subsurface outflow through the karstic aquifers of Galicica Mountain 
into Lake Ohrid (Matzinger et al. 2006). The climate may be described as Mediterranean in the 
southern and continental in the northern part of the catchment area, with sub–alpine character below 
1650 m altitude and alpine character above this altitude. Annual temperature fluctuates from 1°C in 
winter to 21°C in summer, and annual precipitation varies between 720 and 1200 mm yr-1 in the 
lake’s valley and the surrounding mountain ranges, respectively (Hollis & Stevenson, 1997). Major 
recent lake level fluctuations have occurred, with a decline of almost 10 m in between 1950 and 
2009. The location of historical settlements and palaeo-shorelines around the lake indicates that 
Lake Prespa also experienced major lake-level fluctuations in the past (Sibinovic 1987). Recent 
accelerated anthropogenic eutrophication has occurred, with an increase in total phosphorus (TP) 
input from an historic mean of ca. 20 to 31 mg P m
-3
 in 2003 (Matzinger et al. 2006).  
3. Material and methods 
3. 1. Core recovery and chronology 
The sediment core Co1215 was recovered in autumn 2009 at a water depth of 14 m in the central 
northern part of Lake Prespa (Wagner et al. 2012) from a floating platform equipped with gravity 
and piston corers (UWITEC Corp. Austria). Correlation of gravity and up to 3 m long piston core 
sections resulted in a 1575 cm long composite sequence with estimated age of ca. 91 cal ka BP. The 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
6 
 
age model of the sequence is based on tephrochronology, radiocarbon dating, electron spin 
resonance (ESR), accelerator mass spectrometry (AMS) and correlation with NGRIP ice core 
record and is described in more detail in Damaschke et al. (2013).  
The uppermost 320 cm of core Co1215, used for this study, represents the Late Glacial-Holocene 
period or the last ca. 17 cal ka BP. The chronology of this part of the sequence is based on 
radiocarbon dating and tephrostratigraphy. Fourteen radiocarbon dates were obtained from 
accelerator mass spectrometry (AMS) and δ13C analysis of selected plant macrofossils, fish bones, 
shell remains and bulk sediment samples (Table 1). The AMS measurements were performed at the 
ETH Laboratory in Zurich, Switzerland and the results are presented and discussed in more detail in 
Aufgebauer at al. (2012). The chronology was verified by identification of four tephra layers from 
well-dated Italian volcanic eruptions. These tephra layers are marked as PT0915–1 (55.4–55.6 cm 
depth), PT0915–2 (155.6–156.2), PT0915–3 (265–267 cm depth), PT0915–4 (287–289 cm depth) 
and the details of their geochemical composition and correlation with volcanic events are presented 
in Aufgebauer et al. (2012). The final age-depth model (Fig. 2) was established based on linear 
interpolation between the chronological tie points. All ages presented in this paper are calibrated to 
calendar ages (cal ka BP) with 2σ range.  
3. 2. Diatom analysis 
For the diatom analysis, ca. 0.1 g wet sediment subsamples were taken from the upper 320 cm of 
Lake Prespa core Co1215 at ca. 8 cm intervals (ca. 0.1 - 0.4 ka) and stored in Sterilin tubes at 4⁰C. 
Samples were cleaned using a modification of Renberg’s method for handling a large number of 
samples (Renberg 1990). Each sample was treated with cold H2O2 to oxidize organics and 10% HCl 
to remove carbonates. Diatom slides were prepared using Naphrax
®
 as a mountant. Diatom 
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assemblages were counted under oil immersion at x 1500 magnification with a Nikon Eclipse 80i 
microscope, and diatom images produced using a Nikon Coolpix P6000 camera. Approximately 
400 diatom valves were counted per slide using the standard transect–based method (Battarbee 
1986). Diatom taxa were identified using standard texts (Krammer and Lange-Bertalot, 1986, 
1991a, b, 1997, 2000), and the dedicated Ohrid and Prespa taxonomic work of Levkov et al. (2007). 
Håkansson et al. (1990, 2002), Kiss et al. (1996, 1999) and Houk et al. (2010) were used for 
identification of the Cyclotella ocellata complex. Counts were converted to percentage data and 
summary data were displayed using Tilia and TGView v. 2.0.2. (Grimm 1991). Zone boundaries 
were defined with Constrained Incremental Sum of Squares cluster analysis (Grimm 1987). Multi-
proxy stratigraphic diagrams were prepared using C2 (Juggins 1991-2007). Correlation between 
diatom taxa and geochemical proxies was tested using the Spearman's rho correlation test, in the 
statistical package “stats”, version 0.8-2 (R Core Team 2012). Variation in the diatom data was 
explored further by ordination. With a gradient length of >2.5, detrended correspondence analysis 
(‘DCA’) was appropriate (Jongman et al. 1995). DCA was performed using “vegan” version 2.0-4 
(R Core Team 2012). 
4. Results 
4.1. Diatom proxies 
A total of 187 diatom taxa was identified. Planktonic taxa from the genera Cyclotella and 
Stephanodiscus were dominant apart from at the base of the sequence. Small Fragilariales were 
highly diverse throughout the record. Benthic taxa including the genera Campylodiscus, Navicula, 
Diploneis and Surirella were present at low abundance. The summary diagram (Fig. 3) shows 35 
diatom taxa present at > 2% relative abundance, some of which comprise groups of species. Five 
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major assemblage zones (Prespa Diatom Zones PDZ 1–5) can be recognized from CONISS. Diatom 
data are compared to selected geochemical and pollen data from core Co1215 in Fig. 4.  
4.2.1. Diatom assemblage zone PDZ 1 (321–293 cm depth, ca. 17.0 –15.7 cal ka BP) 
The base of the sequence is dominated by facultative planktonic taxa. Staurosirella pinnata 
(Ehrenberg) Williams & Round is present at 40–60% throughout, reaching maximum relative 
abundance at the upper zone boundary. A wide range of benthic taxa are present at low abundance, 
decreasing from 30% at the base to 20 % at the upper zone boundary. Campylodiscus marginatus 
Jurilj, Diploneis alpina Meister, Karayevia clevei (Grunow) Bukhtiyarova, Gyrosygma 
macedonicum Levkov, Krstic & Nakov and Surirella spp. Turpin are common, reaching a relative 
abundance of ca. 10–16 % throughout.  
4.2.2. Diatom assemblage zone PDZ 2 (293–236 cm depth, ca. 15.7–13.1 cal ka BP) 
PDZ 2 marks a transition towards increased abundance of planktonic Cyclotella taxa at the expense 
of small Fragilariales, which occur at <20% in most of the zone. Cyclotella ocellata Pantocsek and 
C. paraocellata Cvetkoska, Hamilton, Ognjanova-Rumenova & Levkov are dominant; C. 
minuscula (Jurilj) Cvetkoska, characteristed by its small valves (3–7 µm diameter) and the endemic 
planktonic C. prespanensis Cvetkoska, Hamilton, Ognjanova-Rumenova & Levkov (Cvetkoska et 
al. in press) are also present; the latter attains a maximum of ca. 20% in the upper zone. 
Stephanodiscus rotula (Kützing) Hendey is also present at low abundance apart from a minor peak 
of ca. 9 % at 281 cm depth (ca. 15.2 cal ka BP) which is followed by an increase in S. pinnata. 
Benthic taxa are diverse and include G. macedonicum, Surirella spp., Amphora spp. Ehrenberg ex 
Kützing and Diploneis mauleri (Brun) Cleve. The small benthic species N. submuralis Hustedt is 
most abundant, reaching 5 % at 281 cm depth or ca. 15.2 cal ka BP.  
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4.2.3. Diatom assemblage zone PDZ 3 (236–220 cm depth, ca. 13.1–12.3 cal ka BP) 
PDZ 3, although comprising only two samples, is clearly separated by the distinct peak in 
Aulacoseira granulata (Ehrenberg) Simonsen, reaching a maximum of 30% relative abundance at 
ca. 12.9 cal ka BP, followed by a short-lived return to dominance by S. pinnata at the upper zone 
boundary. The groups of Cyclotella and benthic taxa are present at low relative abundance of up to 
30 % and 25 %, respectively.  
4.2.4. Diatom assemblage zone PDZ 4 (220–70 cm depth, ca. 12.3–1.9 cal ka BP) 
PDZ4 is divided in four subzones, PDZ 4a–PDZ 4d. 
PDZ 4a (220–204 cm depth, ca. 12.3–11.5 cal ka BP) shows renewed plankton dominance. 
Stephanodiscus rotula is abundant (ca. 30%) at the base of the zone and declines thereafter as C. 
paraocellata increases to ca. 30%. Aulacoseira granulata and small Fragilariaceae are rare 
compared to PDZ3.  
PDZ 4b (204–164 cm depth, ca. 11.5–9.3 cal ka BP) is dominated to >80% by planktonic taxa. 
Cyclotella ocellata and C. paraocellata are accompanied by S. rotula, which gradually declines to 
ca. 10% abundance at the upper zone boundary. Cyclotella prespanensis, A. granulata and small 
Fragilariales are rare, as well as the benthic species Amphora spp., C. marginatus, C. striatus Jurilj, 
D. mauleri, G. macedonicum, Surirella spp., Eolimna rotunda (Hustedt) Lange-Bertalot, 
Kulikovskiy & Witkowski and Navicula hasta Pantocsek.  
A lower abundance of S. rotula and a higher proportion of the C. ocellata–C. paraocellata group 
delineate PDZ 4c (164–133 cm depth, ca. 9.3–7.9 cal ka BP). Facultative planktonic and benthic 
species are present at <20%. Cyclotella minuscula peaks in a single sample (ca. 10%) at ca. 8.0 cal 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
10 
 
ka BP, and is followed by the appearance of another small planktonic taxon, Stephanodiscus cf. 
vestibulis Håkansson, Theriot & Stoermer.  
PDZ 4d (133–70 cm depth, ca. 7.9–1.9 cal ka BP) exhibits the maximum plankton dominance of the 
sequence, peaking at 95 % in the mid zone (ca. 6.0 cal ka BP). Cyclotella paraocellata is the most 
dominant, followed by C. ocellata, C. prespanensis and S. rotula. Benthic taxa and small 
Fragilariaceae are rare.  
4.2.5. Diatom assemblage zone PDZ 5 (70–2 cm depth, ca. 1.9 cal ka BP–present) 
PDZ 5 marks a transition towards the dominance of C. ocellata over C. paraocellata and C. 
prespanensis. It is a zone of major fluctuation compared to previous zones. The lowermost horizon 
is indicated by the renewed high abundance of C. minuscula (> 20%) at ca. 1.7 and 1.5 cal ka BP, 
followed by a decrease in the relative proportion of C. ocellata. A short-lived decrease in 
planktonic diatoms occurs at ca. 1.0 cal ka BP, where A. granulata and Staurosira spp. peak at up 
to 15 % and 25 % relative abundance, respectively, before C. ocellata dominates again at ca 0.6 cal 
ka BP. A distinct shift to increased abundance of the small C. minuscula occurs towards the top of 
the sequence at the expense of C. paraocellata and C. prespanensis. Most notably, a recent trend 
towards a marked increase in the benthic species Cavinula scutelloides (Smith) Lange-Bertalot 
occurs from 0.3 cal ka BP for the first time in the sequence, reaching a maximum of ca. 40% at ca. 
0.05 cal ka BP, where benthic taxa dominate at > 60 %. In contrast, the surface sediment sample is 
dominated to >80% by C. ocellata, accompanied by the fragile, eutraphentic taxon Nitzschia 
subacicularis Hustedt.  
Significant negative correlation in Spearman’s Rank (Table 2), between the relative abundance of 
C. paraocellata and potassium (K) concentration (ρ = –0.7; confidence level = 91%) and positive 
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correlation between C. paraocellata and total organic carbon (TOC) (ρ = 0.7; confidence level = 
93%) was obtained. Results of DCA (Fig. 3, Table 3) indicate that Axis 1 scores track very closely 
the variation in % plankton, which is thus the most important element of variation in the diatom 
data.  
5. Discussion 
As an interpretive tool, the significant negative correlation between C. paraocellata and K 
concentration, a proxy for detrital input from the catchment (Aufgebauer et al. 2012), suggests that 
this species may dominate during clear water phases of low detrital input. We interpret C. ocellata 
and C. paraocellata here, as indicative of an oligotrophic-mesotrophic state, since C. ocellata is 
dominant in Lake Ohrid under similar low-nutrient conditions (Reed et al. 2010, Cvetkoska et al. 
2012) and it has been suggested that the Cyclotella species are good competitors under stable and 
nutrient-diluted conditions (Winder et al. 2009). Overall, the DCA results suggest that lake-level 
change is the dominant influence on diatom species assemblage composition. The greater signature 
of hydrological change over productivity shifts is supported ecologically by the restricted 
dominance of more eutrophic taxa (e.g. A. granulata, S. rotula) to phases of greater relative 
abundance of benthic taxa, indicative of lower lake levels. Inferred deep water phases are 
dominated by taxa with low nutrient preferences, indicating that the increased relative abundance of 
plankton will not have been driven by a productivity-driven increase in absolute abundance of 
algae. 
5.1. Late Glacial (17.1–15.7 cal ka BP) 
PDZ 1 correlates closely with lithological unit LZ 1 (Aufgebauer et al. 2012), underlining the 
strong response to Late Glacial climate change (Figs 3, 4). The dominance of small Fragilariaceae, 
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which often characterize shallow, unstable lake phases (Brugam et al. 1998, Jones & Birks 2004, 
Stone et al. 2011) is consistent with low productivity and a relatively short ice-free growing season, 
in a shallow lake phase of cold, dry climate. The abundance of benthic taxa also supports this, 
dominated by taxa with large, heavily-silicified valves, such as C. marginatus, Surirella spp. and G. 
macedonicum, which are found at depths of 15-17m within the organic epipelon of the modern lake 
(Levkov et al. 2007). This is completely in accord with the pollen record, dominated by sparse 
chenopod-Artemisia steppe vegetation (Panagiotopoulos et al. 2013). 
5.2. Late Glacial to Holocene transition (15.7–11.5 cal ka BP) 
The transition towards increased planktonic abundance at ca. 15.7 cal ka BP corroborates previous 
inferences of increased productivity based on total nitrogen (TN) and total organic carbon (TOC) 
(Aufgebauer et al. 2012), particularly in the peak of mesotrophic S. rotula at ca. 15.2 cal ka BP. 
Stephanodiscus species can generally tolerate low light conditions and Si availability, but require 
high phosphorus supply (Kilham et al. 1986). Most notably, the trend towards increasing 
dominance of planktonic Cyclotella taxa indicates a gradual increase in lake level for which - in the 
absence of sufficient carbon - hydrological proxy data were previously absent (Leng et al. 2013). 
Diatom inferences for lake response (lake level) match clearly with catchment-based palynological 
inferences of a gradual increase in temperature and precipitation from evidence for the expansion of 
trees (Panagiotopoulos et al. 2013). 
Supporting previous inferences concerning definition of the Late Glacial interstadial-stadial 
boundary, zone PDZ 3 (13.1–12.3 cal ka BP) signals significant changes in the diatom flora during 
the Younger Dryas (’YD’), although being represented only by two samples. According to the age 
model, it has an earlier onset than in most sites, where the event tends to occur from 12.8 to 11.7 ka. 
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The dominance of A. granulata at the start of the zone is surprising, but the return to dominance of 
S. pinnata in the upper sample is clearly consistent with a glacial-type environment. Aulacoseira 
granulata is a clear indicator of eutrophic, turbid conditions with low light penetration (Kilham et 
al. 1986) and it is often found in shallow and wind stressed eutrophic waters (Stoermer & 
Ladewski, 1976). Its dominance has been also interpreted as indictive of shallow lake-level phases 
in several studies elsewhere (Gaillard et al. 1991, Dong et al. 2008, Stone et al. 2011). It is possible 
that the nutrient pulse is linked to enhanced catchment erosion due to a combination of lake-level 
reduction, wind stress and, possibly, to wider catchment erosion linked to the reversal to a 
chenopod-Artemisia steppe at this time reported by Panagiotopoulos et al. (2013). Thus, the diatom 
data support previous inferences and provide strong evidence for climatic reversal during the 
Younger Dryas event (cf. Alley 2000).  
Unlike in many other records, where the Holocene transition is represented by a major, abrupt 
transition (Björk et al. 1998, Wilson et al. 2008), the diatom data support previous inferences in 
indicating an unusually gradual transition. According to the age model, a trend to warmer and 
wetter conditions starts at ca. 12.3 cal ka BP, prior to the classic transition date of 11.7 cal ka BP. 
This is represented in PDZ 4a by peak abundance of S. rotula and moderate renewed abundance of 
Cyclotella taxa, but with the maintenance of small Fragilariaceae. The high inferred nutrient supply 
in PDZ 4a indicated by S. rotula matches high K concentration and again corroborates previous 
inferences of enhanced catchment erosion, supported by the continued presence of ice-rafted debris 
(IRD). The associated (and slightly earlier) shift towards increased thermophilous vegetation 
(Panagiotopoulos et al. 2013) supports associated warming, but is at odds with the IRD signal. High 
plankton abundance (>80%) is achieved only in PDZ4b, after 11.0 cal ka BP.  
5.3. The Early Holocene (11.5–7.9 cal ka BP) 
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The early Holocene period in the diatom record (subzones PDZ 4b and PDZ 4c; ca. 11.5–7.9 cal ka 
BP) correlates well with lithozones LZ 3a–LZ 3c (Aufgebauer et al. 2012). A trend towards 
decreasing productivity is suggested by the declining abundance of S. rotula, and is slightly at odds 
with previous inferences of high productivity based on increased TOC and TN content.  
The marked transition to planktonic dominance (70–>80%) at the expense of small Fragilariales 
represents very strong proxy evidence for rapid lake-level increase. The lake responded more 
rapidly to increased moisture availability than the catchment vegetation, which shows a more 
gradual expansion of thermophilic and moisture-demanding taxa, such as Tilia, Fraxinus, Ulmus 
and Fagus and a delay in the loss of steppic Artemisia and Chenopodiaceae (Panagiotopoulos et al. 
2013). Most importantly, the period ca. 10.0–8.0 ka is marked out in the stable isotope data as an 
arid phase of enhanced evaporative concentration, with high positive δ18O values. In combination, 
the diatom and palynological data point instead to rapid wetting after the start of the Holocene. This 
has important implications for the debate concerning the spatial variability of moisture availability 
across the Mediterranean, standing in contrast to the palynologically-based argument that the 
northern Mediterranean was largely arid at the onset of the Holocene (Tzedakis, 2007). 
Changes in the C. ocellata /C. paraocellata abundance ratio occur thereafter, in a sustained phase of 
high lake levels peaking at ca. 7.9–6.0 cal ka BP. The predominance of C. paraocellata indicates a 
low-nutrient, clear water state with low detrital input. In a similar manner to the previous phase, this 
is slightly at odds with the high nutrient status from 9.3 to 8.3 ka inferred previously (Aufgebauer et 
al. 2012), possibly relating in part to the effects of differential preservation of organic matter in 
other parts of the record. A minor increase in benthic taxa in a single sample at ca. 8.4 cal ka BP 
may represent lake-level reduction leading up to the 8.2 ka event, but could simply be a function of 
higher water transparency. More convincingly, a minor increase of the proportion of benthic taxa 
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and a distinct peak of the small taxon, C. minuscula, at ca. 8.0 cal ka BP correlates with a peak in K 
counts indicative of enhanced fine clastic sediment supply, and also with a minor increase in 
Artemisia (Aufgebauer et al. 2012, Panagiotopoulos et al. 2013). These minor shifts have 
previously been interpreted tentatively as the impact of the abrupt Northern Hemisphere 8.2 ka 
climatic reversal (Bond et al. 1997, Mayewski et al. 2004, Lowe et al. 2008). There is no equivalent 
shift in oxygen stable isotope values (Leng et al. 2013), so the definition of this event remains 
rather tenuous.  
5.4. Mid Holocene (7.9–1.9 ka calBP)  
The mid Holocene (PDZ 4d; 7.9–1.9 cal ka BP) correlates well with the lithological unit LZ–3d. 
The peak in planktonic taxa of up to 95 % from ca. 7.9 to 6.0 cal ka BP represents maximum 
Holocene lake levels and is important in delineating the mid Holocene as the period of maximum 
moisture availability in Lake Prespa. Warmer temperatures and a relatively high trophic state can be 
inferred from the geochemical and pollen data. In the diatom record the continued presence of S. 
rotula at low abundance lends some support, but the sustained dominance of the C. paraocellata 
and the C. ocellata complex, and the absence of more eutrophic taxa such as A. granulata, is more 
indicative of the maintenance of trophic state within the oligo–mesotrophic range. This is also 
supported by the low sediment accumulation rate indicative of reduced productivity.  
Importantly, the maintenance of high lake levels until 1.9 cal ka BP, and the peak of inferred 
humidity from ca. 7.9–6.0 cal ka BP, correlates closely with the oxygen stable isotope profile. This 
confirms that the latter is driven primarily by evaporative concentration rather than reflecting 
regional shifts in precipitation sources over time, between the Mediterranean Sea and central 
Europe, an alternate hypothesis presented by Leng et al. (2013). Within this, there is no evidence 
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for a response to well-known episodes of rapid climate change across the Northern Hemisphere 
between 4.2–3.8 cal ka BP and 3.5–2.5 cal ka BP (Mayewski et al. 2004). In the light of the muted 
response to the 8.2 ka event, this is not surprising since it is a deep, well-buffered lake during this 
time.  
The impact of human activities needs to be considered in the later Holocene. There is evidence for 
intensified human impact across the Balkans at the end of the Late Bronze Age, at ca. 2.8 ka BP in 
particular (Roberts et al. 2011a). The pollen record shows evidence for human-induced 
deforestation around Lake Prespa at ca. 2.0 cal ka BP (Panagiotpoulos et al. 2013). The results of 
archaeological excavations around Lake Ohrid (Kuzman 2010) indicate expanded human 
occupation at ca. 2.2 ka BP, and with palynological evidence for anthropogenic deforestation of the 
lake’s catchment from 2.4 ka (Wagner et al. 2009, Vogel et al. 2010). Taking into account the 
proximity of the two lakes, it is reasonable to assume similar land-use characteristics in both 
catchments, with accelerated human impact from ca. 2.4 – 2.0 cal ka BP. In spite of this, our data 
indicate no major impact on either lake levels or productivity.  
5.5. Late Holocene (1.9 cal ka BP–present) 
The late Holocene (PDZ 5; 1.9 cal ka BP–present) is characterized by diatom-inferred lake-level 
fluctuation and increased trophic status. The decreased abundance of C. paraocellata and C. 
prespanensis for the first time since the early Holocene suggests that the lake has undergone strong 
human pressure during the late Holocene from anthropogenic activities leading to eutrophication. 
This is supported by the increased TOC, Fe/Ti and C/N and shifts in ostracod species assemblage 
composition (Aufgebauer et al. 2012). The pollen record shows increased abundance of herb and 
crop pollen and intensified agriculture at ca. 1.9 cal ka BP. A peak in the small planktonic taxon C. 
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minuscula correlates with a peak in K at ca. 1.5 cal ka BP, probably as a result of increased soil 
erosion due to forest clearance as interpreted from the sediment record.  
Based on inferences derived from the pollen record, Panagiotopoulos et al. (2013) suggested 
changes in precipitation over the catchment were not distinct since increased abundance of 
moisture-demanding Fagus substitutes for the decline of the climax Abies forest. However, as in the 
earlier Holocene, the two clear phases of decreased plankton abundance in the diatoms, summarized 
well in the DCA Axis 1 Sites scores, correlate well with phases of increased Artemisia and 
chenopod abundance, implying a clear local decrease in the moisture availability. These phases 
peak at 1.0 cal ka BP and at ca. 0.05 cal ka BP (ca. 100 years ago). The arid episode at ca. 1.0 cal ka 
BP also exhibits peaks of eutrophic A. granulata and Staurosira spp. indicative of accelerated 
anthropogenic nutrient input. Aulacoseira granulata is common in Prespa’s modern eutrophic 
diatom flora, and Staurosira spp. are mainly of benthic or epiphytic life habit, being abundant in the 
littoral zone of the modern lake (Levkov et al. 2007). Renewed plankton dominance suggests 
increased moisture availability between the two minima (ca. 1.0 – 0.05 cal ka BP), and matches 
with increased abundance of Abies in the pollen record (Panagiotoloulos et al. 2013). The second 
inferred lake-level drop at ca. 0.05 cal ka BP is marked by a shift to >40% of the benthic 
cosmopolitan species C. scutelloides. This species is often found in sandy, alkaline environments 
(Cumming et al. 1995, Jewson et al. 2006). In the recent flora of the lake, the benthic communities 
on sand substrate and silicate bedrock are dominated by C. scutelloides (Levkov et al. 2007). In the 
modern surface sample, a complete domination of C. ocellata and the appearance of the more 
eutrophic taxon Nitzschia subacicularis reflects increased P loading through the intensified human 
impact, mainly agricultural, as also pointed by Matzinger et al. (2006). 
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There is some evidence for increased temperatures followed by subsequent aridification and lake 
level decline between ca. 1.5–0.6 cal ka BP in the sediment and stable isotope record (Aufgebauer 
et al. 2012, Leng et al. 2013), while lake level almost 10 m lower than today has been inferred from 
the position of historical settlements originating from the end of the 10
th 
and the beginning of the 
11
th
 century AD (Cvijic 1911, Sibinovic 1987). In conjunction, the proxy data now provide strong 
palaeoclimate data for phases of drought, possibly in the local catchment area rather than at higher 
altitude.  
6. Comparison with regional and global records 
The diatom proxy data of Prespa Co1215 are compared to selected proxies from Lake Ohrid, the 
Mediterranean region and Greenland ice-core data, in Fig.5.  
6.1. Greenland Stadial 2 GS–2 (17.1–14.8 cal ka BP)  
The diatom-inferred cold, arid Late Glacial (ca. 17.1–15.7 cal ka BP) in Prespa shows marked 
ecological similarity with the Late Glacial diatom records of other lakes in the region, including 
Lake Ohrid (Wagner et al. 2009, Reed et al. 2010), Lake Ioannina in semi-humid NW Greece 
(Wilson et al. 2008), and lake Les Echets, France (Ampel et al. 2008), in the dominance of small 
Fragilariales in alkaline water. In the western Mediterranean, sea surface temperature (SST) 
reconstructions for the Gulf of Cadiz, the Alboran and Tyrrhenian Sea indicate several climate 
oscillations during Heinrich event 1 (H1, ca. 19.0 –14.6 cal ka BP, e.g. Stanford et al. 2011). 
Temperatures 5–6 °C lower than in the Holocene and start of the deglaciation at ca. 16 cal ka BP, 
prior to the Greenland Interstadial (GI–1), are reconstructed for the Gulf of Cadiz (Cacho et al. 
2001). The H1 event in the Aegean Sea was characterized by a cold and dry phase, which 
culminated at ca. 16.5 cal ka BP, and a milder phase starting at 15.7 cal ka BP (Kotthoff et al. 
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2011). Both events correlate closely with the minimum in plankton observed in PDZ 1 and the 
transition to PDZ 2a with warming/more humid conditions, respectively. In the Eastern 
Mediterranean region, global cooling and/or aridification at 16.5 cal ka BP was recorded in the δ18O 
profile from Soreq Cave speleothems (Bar-Matthews et al. 1999). At the same time, inferred water-
level drop with precipitation of a thick gypsum sequence occurred in Lake Lisan (Bartov et al. 
2003).  
6.2. Greenland Interstadial 1 GI–1 (14.8–12.7 cal ka BP) and GS–2 (12.7–11.5 cal ka BP)  
Following initial warming and wet conditions from 15.7 cal ka BP, the maximum Late Glacial 
Prespa phase of water refill between 14.7–13.1 cal ka BP corresponds well to the more stable and 
humid climate conditions of the Bølling/Allerød (B/A) interstadial (cf. Mangerud et al. 1974, 
Björck et al. 1998). As noted, the strong diatom response is important in strengthening 
interpretation, in a phase where stable isotope data are of low reliability due to low TOC content in 
the sediment record (Leng et al. 2013). Since the Late Glacial of Ohrid sequences appear to be 
disturbed (Wagner et al. 2009; Reed et al. 2010) this is the first clear evidence for the Dessarets 
area, corresponding well with the summer precipitation curve for Lake Maliq (Bordon et al. 2009) 
and the early temperate phase inferred from pollen records of the Alboran and Aegean Sea between 
14.7–13.0 ka BP (Dormoy et al. 2009). The Lake Prespa diatom record also compares well with the 
duration of more humid conditions in the East Mediterranean Region, ca. 15.0–12.0 cal ka BP, 
inferred from Soreq Cave speleothem data (Bar-Matthews et al. 1997).  
The diatom-inferred climate reversal between 13.1–12.3 cal ka BP, and subsequent return to 
warming and increased humidity , confirms the impact on Lake Prespa of the Younger Dryas (YD) 
event. Further east, cool and drier conditions between 12.5–12.1 cal ka BP followed by increased 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
20 
 
moisture availability from 12.1–11.5 cal ka BP have been inferred for Lake Dojran, Macedonia 
(Francke et al. 2013). Across the Balkans, low water stands during the Younger Dryas were also 
indicated by the summer precipitation curve for Lake Maliq (Bordon et al. 2009) and from the 
dominance of S. pinnata prior to 12.5 ka in Lake Ioannina (Wilson et al. 2008). Pronounced aridity 
during the Younger Dryas was also indicated in the pollen record from the Alboran and Aegean 
Sea, with a temperature reduction of 3–5 °C during 12.4 to 12.2 cal ka BP suggested in the Aegean 
(Dormoy et al. 2009). There is various evidence for a more arid climate in the Eastern 
Mediterranean during the Younger Dryas strengthening understanding of an event which was 
previously poorly understood (Bottema, 1995). Overall, the Lake Prespa multi-proxy data correlate 
with events GI–1 and GS–2 of the Greenland ice-core isotope record (Björk et al. 1998).  
6.3. Holocene period (11.5 cal ka BP – present)  
As noted, the diatom-inferred trend towards a warming and more humid conditions from ca. 12.3 
cal ka BP, before the classic Holocene transition at 11.5 ka (or 11.7 ka; cf. Rasmussen et al. 2006, 
Lowe et al. 2008), and its gradual character, is unusual. Between ca. 11.5–9.0 cal ka BP, after the 
start of the Holocene, the Lake Prespa diatom data correspond well to the Aegean Sea warm/cold% 
curve derived from planktonic foraminifera data (Rohling et al. 2002), the alkenone derived SST 
curve for the Adriatic Sea (Giunta et al. 2001) and the NGRIP oxygen isotope record (Andersen et 
al. 2006). This provides strong evidence for rapid increase in humidity, in contrast to the 10.0-8.0 
cal ka BP arid event suggested by the oxygen stable isotope data.  
The most prominent abrupt event during the early Holocene is at 8.2 ka. Here the diatoms match 
other indicators, and also other records from lakes Ohrid and Prespa (Lz1120 from Lake Ohrid and 
Co1204, a shallower-water core from Prespa; Holtvoeth et al. 2010; Wagner et al. 2009; 2010), in 
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only providing subtle evidence for environmental impact. Stronger evidence for aridification and 
lake-level decline between ca. 8.3–7.9 cal ka BP was recorded for Macedonian Lake Dojran 
(Francke et al. 2013). However, it is possible that the signature is only strong in shallower, less 
well-buffered systems. In a similar vein, the pollen record from Tenaghi Philippon, a sensitive 
region of semi-arid climate, provides substantial evidence for climate-induced disturbance of 
terrestrial ecosystems correlated to the 8.2 ka event (Pross et al. 2009) than the semi-humid site of 
Lake Ioannina (Wilson et al. 2008). In central Italy, the pollen record from Lake Accesa 
demonstrates lake-level lowering between 8.6–7.9 (Drescher–Schneider et al. 2007). In the Western 
Mediterranean, a cooling trend with a decreased SST at ca. 8.2 ka was inferred from the sediment 
record of the Alboran Sea (Cacho et al. 2001). Rapid cooling and decreased precipitation at ca. 8.0 
cal ka BP are also inferred from the Eastern Mediterranean region (Bar-Matthews et al.1997).  
In Prespa, the maximum diatom-inferred humidity in the mid Holocene, with a trend to warming 
and wetting reaching a maximum between ca. 7.9–6.0 cal ka BP, followed by relatively high lake 
levels until ca. 1.9 ka, suggests that climate in this part of the Mediterranean is neither driving, nor 
being forced predominantly, by the Mediterranean Sea. The wetting trend correlates approximately 
with the timing of the S1 sapropel formation in the Eastern Mediterranean (ca. 9.0–6.8 cal ka BP, cf. 
Ariztegui et al. 2000), also recognized as the wettest Holocene phase across the Levant and the 
Eastern Mediterranean (Robinson et al. 2006 and references therein), but endures for a longer 
duration. Transgression of the Adriatic Sea and sea level rise was suggested to have occurred at the 
time of the S1 formation, followed by a subsequent aridification and increased salinity after ca. 6.0 
cal ka BP (Siani et al. 2013). Decreased humidity after 6.0 ka BP has also been inferred elsewhere 
(Reed et al. 2001, Roberts et al. 2001, Barker et al. 2007, Desprat et al. 2013, Fletcher & Zielhofer 
2013), possibly linked to the IRD event at 5.9 ka BP in the North Atlantic (Bond et al. 1997) and 
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the “cool poles, dry tropics” Rapid Climate Change (RCC) event between 6.0–5.0 ka BP 
(Mayewski et al. 2004). Unlike many other circum-Mediterranean sites and in spite of inferences 
for a warm and dry climate between 6.4–2.4 cal ka BP derived from the highest calcite content in 
core Co1202 from neighboring Lake Ohrid (Vogel et al. 2010), the maintenance of relatively high 
lake levels after the maximum in Lake Prespa indicates closer correspondence with the pattern 
induced by North Atlantic forcing.  
In the later Holocene, the anomalous abrupt event from 4.2–3.8 ka BP has received much attention, 
being defined as a classic cold/dry event linked to glacial retreat in Europe (Mayewski et al. 2004). 
The 4.2 ka event has no clear expression in Prespa, in spite of inferences of a colder and/or drier 
climate in lakes Ohrid (Wagner et al. 2009, Wagner et al. 2010, Vogel et al. 2010) and Dojran 
(Francke et al. 2013). In light of the above discussion, this is not surprising, since the diatoms may 
have reduced sensitivity in Prespa due to higher lake levels causing a buffering effect, similar as in 
Lake Eski Acigöl, Turkey, (Roberts et al. 2001), 
The late Holocene in Lake Prespa is a period of intensified human impact superimposed on climate 
change, and the diatom data are important in disentangling climate change from human impact. The 
most prominent inferred climatic shift occurred at ca. 1.0 cal ka BP, when Lake Ohrid also shows 
evidence for aridification (Wagner et al. 2009, Vogel et al. 2010). Francke et al. (2013) reported an 
opposite situation for Lake Dojran, with higher water level, but caused primarily by anthropogenic 
impact. The change in Lake Prespa’s hydrology could be connected with the ‘Medieval Climatic 
Anomaly’ which started at ca. AD 950- (ca. 1 ka, as here) (Mann 2002) as also reported from other 
records in the region (Allen et al. 2002, Chen et al. 2013, Nieto-Moreno 2013), being bolstered by a 
correlation with increased steppe vegetation suggesting aridification rather than human impact. It 
also correlates with a phase of reduced summer precipitation identified in Lake Maliq, Albania 
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(Bordon et al. 2009), which may now be defined as of regional significance. Arid conditions and 
forest decline in the western Mediterranean have been defined at ca.1.9 cal ka BP (Fletcher et al. 
2013), in contrast to the northeastern region. Palaeolimnological data from the eastern 
Mediterranean reflect stronger deforestation during the Bronze Age, with a spatially variable 
signature occurring between ca. 5.0–3.3 cal ka BP in different localities such as Central Anatolia, 
Greece, Levant and Turkey (Roberts et al. 2011b).  
The above comparison highlights an intriguing pattern in Lake Prespa’s response to Holocene 
climate change. A close match to North Atlantic and records across the Mediterranean exists in the 
earlier warm and humid phase of the Holocene, at the time of increased summer monsoon and 
sapropel S1 formation. In the mid-late Holocene (ca. 6.0 cal ka BP–present), Lake Prespa displays 
closer correlation to the wet phases observed in the lakes of central–west Italy (Magny et al. 2009, 
2012, 2013, Vanniѐre et al. 2013). This suggests a much closer link to NW European records and, 
somehow, to the influence of Atlantic forcing. As suggested by Fletcher et al. (2010) in presenting 
contrasting Late Quaternary data from the western and central Mediterranean, this study highlights 
again the complexity of the Mediterranean climate. Fletcher et al. (2010) suggest the differences 
may be explained by shifts in the intensity and position of the westerlies over western and central 
Europe, which are possibly associated with changing frequency of atmospheric highs over the 
European mid-latitudes. 
7. Conclusions 
The ca. 17 ka diatom sequence from Lake Prespa generates a strong proxy for lake-level change and 
strengthens considerably the power of the multi-proxy data-set for palaeoclimate reconstruction 
during the Late Glacial to Holocene. With clear evidence for a Younger Dryas climatic reversal, the 
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most notable element of the Late Glacial record is the slow run up towards the Holocene transition, 
with a gradual increase in temperature and precipitation before more rapid lake-level increase 
during the early Holocene. Here, convincing evidence is provided that the Early Holocene was 
warm and wet, in contrast to inferences of aridity based on stable isotope data, and in contrast to the 
theory that the northern Mediterranean was arid at this time. The high lake levels thereafter until 1.9 
ka and, by inference, moisture availability, show little affinity with the Eastern Mediterranean, 
where marked lake-level reduction occurs after the mid-Holocene. Instead, the lake-level curve 
matches the Greenland curve very closely, suggesting a teleconnection – somehow – with North 
Atlantic forcing. After 1.9 ka, two clear aridity events at ca. 1.0 ka and 100 years ago provide 
evidence for short-term climatic variability, against a backdrop of increasing nutrient status with 
accelerated anthropogenic impact. 
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Fig. 1. Map of the Mediterranean region (A) showing the location of lakes Prespa and Ohrid (red 
rectangle) and palaeoreconstruction sites used for comparison and referred to in the text: Alboran 
Sea (Cacho et al. 2002), Tyrrhenian Sea (Cacho et al. 2001), Lago Grande di Monticchio (Allen et 
al. 1999), Lake Accesa (Magny et al. 2009), Lake Ledro (Magny et al. 2012), Adriatic Sea (Giunta 
et al. 2001), Lake Ioannina (Wilson et al. 2008), Aegean Sea (Rohling et al. 2002), Soreq Cave 
(Bar-Matthews et al. 2003). Map of lakes Ohrid and Prespa (B) showing location of core Co1215 
and other coring sites referred to in the text: Lake Prespa Co1204 (Wagner et al. 2010) and Lake 
Ohrid Co1202 (Reed et al. 2010, Vogel et al. 2010, Wagner et al. 2010, Cvetkoska et al. 2012).  
 
Fig.2. Age-depth model with lithology of top 320 cm of core Co1215 (modified from Aufgebauer et 
al. 2012). Chronological tie points are interpolated on a linear basis.  
 
Fig.3. Stratigraphic diagram of diatom taxa present at >2% abundance in Lake Prespa core Co1215 
displaying diatom zones defined with CONISS, lithozones and presence of tephra layers described 
in Aufgebauer et al. (2012). Explanation of abbreviations: LG (Late Glacial), B/A (Bølling/Allerød 
interstadial), YD (Younger Dryas), Hol. (Holocene). 
 
Fig.4. Stratigraphic diagram displaying abundance (%) of selected diatom taxa, Planktonic (%) and 
Lake level curve compared to selected trees and herb pollen percentages (%) (Panagiotopoulos et al. 
2013), geochemical proxies, total inorganic carbon (TIC; wt%), total organic carbon (TOC; wt%), 
total nitrogen (TN; wt%), potassium (K; 1000 cts), Sed. rate (sedimentation rate; cm/ka), sand (%) 
(Aufgebauer et al. 2012) and δ18OTIC (‰) (Leng et al. 2013) of Lake Prespa core Co1215. CONISS 
determined diatom zones are marked. Lake level curve derived from DCA Axis 1 site scores.  
 
Fig.5. Lake-level reconstruction for core Co1215 derived from DCA Axis 1 site scores and total 
organic carbon (TOC; wt %) of core Co1204 from Lake Prespa (Wagner et al. 2010) compared to 
diatom plantkon (%)  (Cvetkoska et al. 2012) and TOC (wt %) (Vogel et al. 2010) of Co1202 from 
Lake Ohrid, Lago Grande di Monticchio pollen-based palaeoclimate reconstruction (temperature, 
annual, sum above 5°C [days] (GDD5)) Allen et al. (1999), Adriatic Sea alkenone-derived sea-
surface temperature(SST; Giunta et al. 2001), Aegean Sea SST, based on warm/cold % of 
planktonic foraminifera (Rohling et al. 2002), Thyrrenian sea alkenone-derived SST (Cacho et al. 
2001), Alkenones , C37:3+C37:2 [ng/g] (K37) from sediment core MD95-2043 from the Alboran 
Sea (Cacho et al. 2002), δ18O carbonate PDB record from Soreq Cave (Bar-Matthews et al. 2003, 
data product from Shah et al. 2011) and the NGRIP δ18O record (Andersen et al. 2006). 
Explanation: Greenland Stadial GS–2 (17.1–14.8 cal ka BP), Greenland Interstadial GS–1 (14.8–
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12.7 cal ka BP), Greenland Stadial GS–1 (12.7–11.5 cal ka BP), Holocene (11.5 cal ka BP–present), 
gray bands mark Holocene Rapid Climate Change (RCC) events (cf. Mayewski et al. 2004). 
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Table 1 caption: 
 
Table 1. Results of AMS radiocarbon (
14
C age [ka BP]) analysis, showing calibrated ages (cal ka 
BP), for selected plant macrofossils, fish bones, shell remains and bulk sediment samples used to 
construct the age model for Lake Prespa core Co1215 (modified from Aufgebauer et al. 2012). The 
radiocarbon ages of all samples were calibrated into calendar years before present using the 
INTCAL09 calibration curve (Reimer et al., 2009), except for sample ETH-40050 which used the 
Levin. 
14
C dataset (Levin and Kromer, 2004).   
 
Sample Depth (cm) Material 
14
C age (ka BP) Calendar age 
(cal ka BP [2σ]) 
ETH-40050 4–6 Shell (Dreissena presbensis) -0.12 ± 0.03 (-0.02) ± 0.00 
Col1030 42–44 Plant (Carex sp.) 0.72 ± 0.03 0.63 ± 0.06 
ETH-40051 74–76 Plant (Phragmites australis) 2.08 ± 0.04 2.07 ± 0.08 
ETH-40052 74–76 Bulk organic matter 3.09 ± 0.04 3.31 ± 0.07 
Col1031 104–108 Bulk organic matter 6.00 ± 0.03 6.84 ± 0.09 
ETH-40054 128–130 Bulk organic matter 7.06 ± 0.04 7.89 ±0.07 
ETH-40055 146–147 Bulk organic matter 8.21 ± 0.04 9.16 ± 0.13 
ETH-40056 166–168 Plant (Phragmites australis) 8.76 ± 0.04 9.75 ± 0.15 
ETH-40057 166–168 Bulk organic matter 9.09 ± 0.04 10.24 ± 0.05 
ETH-40059 184–186 Bulk organic matter 9.84 ± 0.04 11.24 ± 0.04 
ETH-40060 212–214 Fish remains 10.84 ± 0.13 12.82 ± 0.26 
ETH-40062 214–216 Fish remains 11.47 ± 0.12 13.36 ± 0.25 
ETH-40063 214–216 Bulk organic matter 11.01 ± 0.04 12.89 ± 0.19 
Col1032 301–303 Plant (aquatic) 14.06 ± 0.07 17.16 ± 0.30 
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Table 2. Spearman's rho correlation test between Cyclotella species and selected geochemical 
proxies in Lake Prespa core Co1215. 
 
 
  
 Cyclotella ocellata Cyclotella paraocellata Cyclotella prespanensis Cyclotella minuscula 
ρ (rho) 
coefficient 
confidence 
value (%) 
ρ (rho) 
coefficient 
confidence 
value (%) 
ρ (rho) 
coefficient 
confidence 
value (%) 
ρ (rho) 
coefficient 
confidence 
value (%) 
TIC 0.34 32 0.49 84 0.26 47 0.13 9 
TOC 0.27 20 0.72 93 0.30 55 -0.03 23 
TOC/TN 0.20 12 0.77 96 0.39 61 -0.04 30 
K -0.29 26 -0.71 91 -0.26 52 -0.03 16 
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Table 3 caption: 
Table 3. Summary table of DCA sites scores based on core Co1215 diatom data–eigenvalues, axis 
length and decorana values of the first four ordination axes.  
Axis  1  2  3  4 
Eigenvalues 0.51 0.30 0.16 0.09 
Axis lengths 2.7 1.89 1.71 1.02 
Decorana values 0.51 0.26 0.11 0.04 
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Highlights 
 Lake Prespa ca.17 ka diatom sequence generates strong proxy for lake-level changes. 
 The diatoms provide evidence for a climatic reversal during the Younger Dryas.  
 The diatoms provide clear signal of warm and wet Early Holocene in Lake Prespa.  
 The mid Holocene is a period of high lake levels and oligo-mesotrophic conditions. 
 The lake-level curve is suggesting a teleconnection with North Atlantic forcing. 
